For various genes of E.coli, three regions (-55 to -1; -35 to -1; -21 to -1) 5' to AUG codon on mRNA were searched for sites of interaction with colicin fragment of 16S rRNA. The detailed sequence comparison points out that apart from Shine-Dalgarno base pairing, an additional ribosomebinding site, a subsequence of 5'-UGAUCC-3' invariably exists in mRNA for highly expressed genes. Poorly expressed genes appear to be controlled by only Shine-Dalgarno base pairing. The analysis indicates that in the initiator region, the -55 to -1 region contains the signal which decides the efficiency of the translation-initiation. The site on 16S rRNA, 5'-GGAUCA-3' at position 1529, that can base pair to the above site, has a recognition site on 23S rRNA at position 2390. In the light of the conserved nature and accessibility of these sites, it is proposed that the site on 16S rRNA plays a bifunctional role-initially it binds to mRNA from highly expressed genes to form a stable 30S initiation complex, and upon association with 50S subunit it exchanges base pairing with 23S rRNA, thus leaving the site on mRNA free.
INTRODUCTION
The mechanisms of information transfer from gene to protein and the role of controls exerted by these mechanisms on the level of expression have been the subject of many experimental and theoretical studies. In prokaryotes, the major controls are exerted at the levels of transcription, half life of mRNA, and translation. The controls for translational efficiency are exerted through processes such as initiation (1 -4) , elongation (5-7) and termination (8) . The relative rate of biosynthesis of various proteins is known to vary with one or more controlling factors mentioned above and the cellular physiology of the organism. The steady-state level of various proteins again depends on their rates of turnover.
It has been recognised (9) that the initiation of translation is one of the major rate-limiting steps in protein synthesis under normal situations. The translation-initiation process involves binding of mRNA and initiator tRNA to the 30S ribosomal subunit (10) facilitated by the initiation factors (11) ; the 30S initiation complex in turn binds to 50S subunit leading to the 70S initiation complex as the end product (12) . The rate of formation of the 30S initiation complex largely depends on the ribosome-binding strength (due to Shine-Dalgarno (SD) base pairing (13) and AUG codon binding") which is modulated by the spacing between the SD sequence and AUG (12, 14) , and by secondary structure in the initiation region (15) (16) .
Even though the ribosome-protected segment of the mRNA was found to contain 20 to 25 nucleotides 5' to AUG codon, it has been noticed by several workers that important determinants of ribosome-binding strength lie 5' to the SD region (17) (18) . Isolated ribosome-binding sites including SD region and AUG codon do not usually rebind to ribosomes (14) . In vitro experiments by Borisova et al. (19) on systematic rebinding of ribosomes with the MS2 transcript for replicase indicated that the -53 to +6 region retained most of the activity (> =60%); -35/ -33 to +6 region retained 42% of the activity, and -21 to +6 region showed no activity. An in vivo study by Kastelein et al. (20) , has shown that successive gradual erasure of the 5' terminal sequence of MS2 DNA for the coat protein, in the region beyond 30 bases upstream of AUG codon profoundly reduces translation. Thus, it appears that there are extra sequences upstream of the ribosomeprotected segment that make, with the incoming 30S ribosome, transient contacts which are not maintained in the mature 70S initiation complex. Similar idea that essential features of the ribosome-binding lie outside the ribosome-protected segment is supported by other workers also (21) . In this paper, we report the results of an analysis of the sequence upstream of AUG in mRNA, which suggests the existence of a defined distant sequence on mRNA that contributes significantly to the ribosome-binding strength and contains the information responsible for the efficiency of the translation-initiation in E.coli. We also propose a mechanism whereby the additional binding sites, whenever they exist, are released upon association of the 50S subunit.
METHOD
In our study, we have considered mainly RNA-RNA interactions, as it has been observed that mRNA -rRNA interactions are enough to maintain mRNA -rRNA hybrid (14) and that proteins play no essential role in the modulation of the efficiency of translation initiation (19) . Gouy and Gautier (5) have reviewed and listed the cellular contents of various E.coli gene products for their study on codon usage and gene expressivity. This data is based on the steady state levels of proteins arising out of various controls in protein synthesis, and does not correlate these yields to specific steps involved in protein synthesis. In the absence of other data on the relative yields of translation, we used the above data for our study. For each gene of known protein yield, we have considered three regions: (i) -21 to -1 (small region) which is the ribosome-protected segment, (ii) -35 to -1 (medium region), and (iii) -55 to -1 (large region), for reasons mentioned in the introduction. As it is known that translational efficiency is inversely proportional to the degree of secondary structure at the 5' noncoding region (22) , we thought it necessary to take into account the secondary structure of mRNA regions. Using our program package COMPLEMENT (23) reported earlier, the intracomplementary stretches within each type of mRNA region were located which can give the secondary structure of the region. The secondary structure of the colicin fragment of 16S rRNA (49 nucleotides at the 3' end) is known (24) , and is shown in Figure 1 . With the use of COMPLEMENT program, all possible intermolecular complementary stretches between each mRNA region and the colicin fragment of 16S rRNA were located. The sites thus obtained were subjected to the following criteria in order to pick up the potential sites of interaction for ribosome binding.
(i) Each site should be comprised of a contiguous sequence of bases and should involve only Watson and Crick base pairing. Expressed Genes -9 to -10 to -13 to -12 to -3 to -6 -8 -11 The subsequences not found to be a part of either SD or anti-SD sequence are given in brackets. The dash (-) indicates the base other than the corresponding base in SD or anti-SD as the case may be. (ii) Only tetranucleotides and higher-order stretches were considered first; however, in the absence of these, trinucleotide stretches were considered.
(iii) If a stretch from anti-SD region of colicin fragment has another complementary site on mRNA in addition to SD site, the SD base pairing was preferred.
(iv) Intermolecular complementary stretches whose corresponding sites on colicin fragment fall either in the central hairpin stem or in the central hairpin loop were ignored for the reasons that the above central stem is highly stable and the methylated adenosines in the above central hairpin loop are known to play a role in binding fMet-tRNA (25) .
(v) Intermolecular complementary stretches whose corresponding sites on mRNA region are involved in intramolecular base pairing, were ignored if (1) such a base pairing was of equal or higher order, or (2) > = 50% of the bases were involved in the equal or higherorder base pairing, or (3) < 50% of the bases were involved in the higher-order base pairing. If < 50% of the bases in the site are involved in base pairing of the same order, the contribution from free energy is taken into account in order to decide whether the preferred base pairing will be intra-or intermolecular.
Such selected intermolecular complementary sites were classified as Shine -Dalgarno binding site and additional binding site. Additional binding sites were those that did not fall in the SD region. The free energy of such sites was calculated (26) and the spacings for the SD base pairing in mRNA as well as in the colicin fragment were identified. It has been found that a space of 5 -10 nucleotides between AUG codon and SD sequence on mRNA and a space of 2-5 nucleotides between the anti-SD sequence and the 3' terminal end of 16S rRNA are in the acceptable range (27) and that extending the spacing outside the acceptable range has a deleterious effect (12) . A larger number of continuous base pairing in the SD region led to higher efficiency of translation-initiation (13) . In view of the above mentioned observations, we distinguish well-defined SD base pairing using the criteria that a well-defined SD base pairing should (i) either involve 4 or more continuous bases, or have -A G > =4.0 Kcal/mol, (ii) have the spacing (AM) on mRNA within 5-10 and the spacing (AR) on 16S rRNA within 2-5, and (iii) be free from intramolecular secondary structure. If even one of these criteria was violated for an SD base pairing, such an SD base pairing is referred to as ill-defined.
RESULTS AND DISCUSSION
The method discussed above was applied to various genes of known expressivity (5). The results are summarised in Tables 1 and 2 . Based on the steady-state concentration of genome products, genes analysed in this study were classified into three groups, namely, (i) highly expressed genes (HE-genes), for which gene products exceed 9000 mol/genome, (ii) moderately expressed genes (ME-genes), for which gene products range between 1400-3500 mol/genome, and (iii) poorly expressed genes (PE-genes), for which gene products are < = 100 mol/genome.
The SD base pairing in the case of -55 to -1 region is given in Table 1 . The ill-defined SD base pairings are indicated by underlining the values for AG, AM and AR in Table  1 . As can be seen from the Table, all of the HE-and ME-genes have well-defined SD base pairing where as PE-genes have ill-defined SD base pairing. This pattern was found to be more or less the same even when shorter regions ( -35 to -1, and -21 to -1) were analysed, except that in the case of -21 to -1 region, the gene rpsll of HE-class had ill-defined base pairing(AM = 2) and in the case of -35 to -1 region, the gene rpoB of ME-class had ill-defined base pairing (AM=20 and AR = 38). These ill-defined base pairings turned into well-defined ones, when the bigger regions were considered, indicating that the sites which were involved in intramolecular secondary structure have now become free. The averages of free energy (Kcal/mol) due to SD base pairing for HE-, ME-and PE-genes were found to be -7.3, -6.6 and -4.3 respectively. In fact, the AG (-4.3) for PE-genes will be reduced further, if properly corrected for its ill-defined SD base pairing. The trend of these values remained the same irrespective of the length of the region analysed.
The search for the additional sites showed that unlike SD site, these did not occur on each and every gene that we examined. In Table 2 , the additional sites of interaction that occurs in the three types of regions, are given. Only those genes for which such sites exist are included in the table. As can be seen from the table, in the case of small regions we could pick up a few genes from each class in which an additional site was found; the existence of such a site appeared, therefore, to be independent of the level of the gene expression. In the case of medium regions, the number of HE-genes showing the existence of the additional site was appreciably higher (8 out of 19 HE-genes); this suggested that the existence of additional site of interaction may be coupled with the high expression of gene. Finally, when the large region was considered, it was found that the additional site existed in all the HE-genes. It is interesting to note that the additional sites that existed in the medium as well as the small regions for ME-and PE-genes have not been picked up in the case of the large regions obviously because they possess intramolecular complementary stretches in the extended region (-36 to -55). The HE-genes which did not have additional sites in the medium region have now acquired it, presumably as a consequence of the availability of the extended region; only one exception to this was the gene Ipp, the site on which was missed earlier due to its involvement in intramolecular base pairing and is now picked up because of the rearrangement of the secondary structure of the extended region. The average -AG (5.1) Kcal/mol arising out of the additional site can lead up to a 1000-fold increase in the association strength (12) .
Due to the contribution from the additional site in the case of HE-genes, the available energy is expected to increase to the level of -12.4. Hence, the free energy which is a measure of the ribosome-binding strength, could be directly correlated with the level of expression of the gene. The additional ribosome-binding site, therefore, can promote/enhance the process of translation-initiation; we call this site as TP (Translationinitiation Promoting) site. A schematic diagram of the 30S initiation complex including the TP site is given in Figure 2 . In all the four genes of category C, the SD sites are involved in intramolecular secondary structure.
ro CO j Thus it appears that it is essential to examine the large region (-55 to -1) in order to decipher the complete information that can manifest in the formation of SD and TP base pairings and can explain the differential expression of genes through the promotion of translation-initiation.
Translation-initiation Promoting Site
As can be seen from Table 2 , the TP sites on mRNAs and the complementary (anti-TP) sites on 16S rRNA, arise from defined hexamer sequences. TP site has a 5'-UGAUCC-3' sequence and anti-TP a 5'-GGAUCA-3' sequence. Moreover, the anti-TP site on the colicin fragment is found at the position 36 to 41, and is located 5' to the anti-SD site at the position 42-47 (Fig. 1) . The anti-TP site on 16S rRNA occurs as a small loop (at position 36 to 40) between the central hairpin stem and the additional weaker secondary structure in the colicin fragment as given in Figure 1 . Even though the TP site on mRNA arises from a defined sequence, its position is not fixed. In this respect, TP base pairing is similar to SD base pairing because it is known that SD base pairing arises from defined sequence at a fixed position on 16S rRNA but with slight variations in its position on mRNA. The existence of a uniform pattern of the TP site was revealed only when large regions were considered. This again emphasises the importance of the large region. Because of the importance of the proposed function of the anti-TP site, one would expect it to be conserved in various species. We, in fact, found that the anti-TP site is well conserved (discussed later). The single-stranded nature of the TP site, and the anti-TP site, the conserved nature of the anti-TP site, and the occurrence of the TP site, in all the HE-genes considered so far, strongly suggest that the TP site and the anti-TP site can interact, leading to a stable 30S initiation complex. This stable 30S complex can then lead to a higher rate of formation of the 70S initiation complex that can enhance the translational efficiency. It is interesting Having established the occurrence of the TP site on HE-genes and the necessity to take into account the large (-55 to -1) region to pick up the TP sites, we extended our analysis to other genes from E.coli. There are several genes in E.coli which are shown or concluded to be poorly or highly expressed. Some of them like lamB, bla (28) , pap and mal (29) are known to have high translational efficiency even though the cellular content of these proteins is not known. There are several other genes of ribosomal proteins which we have not considered so far but that are also expected to be in the class of highly expressed genes. Atp mRNAs, which lead to high translational yield because of their high stability (30) can be classified as moderately expressed; they are not as highly expressed as the genes for ribosomal proteins. rieM, rieN, lysR and eltb are known to be poorly expressed (31) . In the case of these genes, our analysis was restricted to large (-55 to -1) regions only and was limited to the search for the SD and the TP sites as defined earlier. These results are given in Table 3 . It is interesting to note that in all the cases, TP site was found to exist, although in 5 out of the 20 cases it was found to be located outside the expected range. In 3 cases out of 20, SD site itself was not well-defined. Taking into account these deviations, the analysis supported, in general, our proposition that TP site exists only in those genes which are known for their high translational efficiency.
As the proposition about the existence of the TP site on HE-genes was supported by most of the tested E.coli genes, we examined the genes from chloroplasts, E.coli plasmids, and a few other prokaryotes. The results are given in Table 4 . They not only provide additional support to our proposition but also show that occurrence of the TP site is a general feature in prokaryotes. This again suggests that SD base pairing is not the only mechanism for ribosome-binding but there exists the sequence (TP site) which can play the role of an additional ribosome-binding site. Our contention is also supported by similar observations in regard to the genes of lower eukaryotes such as yeast, which will be published separately. As can be seen from  Tables 2 to 4 , a major number of mRNA genes have the TP site outside the ribosomeprotected segment. Considering the fact that only a region of 20-25 nucleotides 5' to AUG codon is protected inside the ribosome, the proposed TP base pairing on 30S initiation complex has to be disrupted during the process of association of the 50S subunit. Such conformational change can be brought about by 16S rRNA interchanging its base pairing from mRNA to 23S rRNA upon the association of the 50S subunit, as shown in Figure  3 . In the assembly of ribosomes, it has been observed that the association of 50S and 30S subunits takes place mainly through interactions between 16S rRNA and 23S rRNA (23, 32) . Keeping this in view, we searched the 23S rRNA for a site complementary to the anti-TP site. We found that there exists a unique complementary site 5'-UGAUCC-3 on 23S rRNA at position 2390 which may serve as anti-(anti-TP) site. This site should exist in a singlestranded conformation and has to be accessible in order to form base pairs with the anti-TP site. Kethoxal modification studies by Herr & Noller (33, 34) have already shown that this site on 23S rRNA is accessible in the 50S subunit. It has also been shown that the corresponding site on 16S rRNA is kethoxal-reactive and that such chemical modification affects to some extent the formation of the 70S ribosome (35) . Douthwaite et al. (36) have also shown that the concerned site on 16S rRNA is on the surface. It is worth noting that in the well accepted secondary structure model for 23S rRNA, proposed by Noller (37) , except the 3' base in the anti-(anti-TP) site, the other 5 bases are in a single-stranded form. Because of the functional role of these recognition sites between the 30S complex and the 50S subunit, one would expect these sites to be conserved in various species. In order to study the conservation of these sites, we chose various species from evolutionarily distant organisms, such as, eubacteria, chloroplast, and archaebacteria for both 16S rRNA and 23S rRNAs. This data is given in Table 5 . It can be seen that in most of the species analysed, the anti-TP site as well as the anti-(anti-TP) site is conserved. All these studies strongly suggest that the anti-TP and the anti-(anti-TP) sites may take part in the assembly of the 70S initiation complex. The interchange of base pairing of similar type has been proposed by Van Duin (J8) between 3' ends of 16S and 23S rRNAs; but, on the basis of non-accessiblity of the concerned sites, Noller & others (33) did not find any evidence to support the model. However, the anti-TP and the anti-(anti-TP) sites proposed by us have been found to be conserved and experimentally free in the respective subunits. The anti-(anti-TP) site has been found to be equally accessible for kethoxal modification in 70S ribosome (33) ; this could be explained by the fact that these studies were performed on 70S ribosomes and not on 70S initiation complexes.
Interchange of Base Pairing with 50S Subunit-Fate of the TP Site
The mechanism involved in the proposed interchange of base pairing and the factors involved in such a process, are not clear at present. Initiation factor (IF3) is known to be responsible for the maintenance of the 30S and the 50S ribosomal subunits in a dissociated form; this factor is also involved in the binding of mRNA to the 50S subunit. These observations are suggestive of a possible mechanism which can involve IF3, and through it, can control the interchange of base pairing.
Prediction of Translation-initiation Efficient Genes from E.coli
We have scanned the EMBL data base for all the other E.coli genes for which the sequence of the -55 to -1 region is available. Each of these regions was searched for a well-defined SD site and a proposed TP site. These sites were subjected to a stringent analysis to examine that all the bases of the sites were free from any possible intramolecular secondary structure. Only 15 out of the 541 mRNAs were found to satisfy the above criteria; and therefore, would be expected to have high translation-initiation efficiency. These mRNAs are enlisted in Table 6 . It should be noted that since translation-initiation is only one of the several possible controls operating in gene expression, we do not intend to claim that the above genes will be necessarily highly expressed. However, it appears that a majority of these genes codes for functionally important enzymes involved in main metabolic pathways and processes such as ATP synthesis and synthesis of important precursors.
CONCLUSION
In E.coli, the highly expressed genes appear to be equipped with additional ribosomebinding sites. Various sites involved in the process of initiation are shown in Figures 2  and 3 . The occurrence of TP sites on highly expressed genes appear to enhance the translational efficiency in the following ways : (i) because of the additional contribution of the TP site to the strength of binding to the ribosomes, a relatively stabler 30S initiation complex can be formed, leading to a higher rate of formation of the 70S initiation complex; (ii) the anti-TP site on 16S rRNA can act as a primary recognition site for the interaction between the 30S complex and the 50S subunit; and (iii) the TP site on mRNA, which is released upon the formation of the 70S complex, can provide a mechanism whereby the next available free 30S ribosome can bind to mRNA even before the active ribosome finishes translating the initiator region, consequently increasing the size of the polysome. Considering the facts that the ribosome protects the mRNA from nucleolytic attack (39) and that the 5' noncoding region appears to be a determinant of mRNA stability (40) , the early binding of mRNA to the 30S complex through the TP site could enhance the mRNA stability leading to an improved translational efficiency. It is tempting to speculate that the TP-site and its proper manipulation could serve as a tool to maximise gene expression in terms of the efficiency of the protein synthesising machinery. The extension of this proposal to eukaryotic systems will be published separately.
